IMPORTANCE Although increasingly strong evidence suggests a role of maternal total cholesterol and low-density lipoprotein cholesterol (LDLC) levels during pregnancy as a risk factor for atherosclerotic disease in the offspring, the underlying mechanisms need to be clarified for future clinical applications.
P revention of atherosclerosis and associated atherosclerotic cardiovascular diseases (including ischemic stroke, aortic and/or carotid atherosclerosis, coronary heart disease, and peripheral artery disease) is fundamental to promote healthy longevity. 1 The presence of early stages of atherosclerosis in fetuses and youth indicates the potential importance of adopting preventive measures at very early stages of human development. [2] [3] [4] Moreover, cardiovascular risk factors may be associated with atherosclerotic disease at a young age, and maternal hypercholesterolemia may be associated with atherosclerotic disease in the fetus or infant offspring. 2, 3, 5, 6 In addition, maternal diet and birth weight affect the lifetime development of coronary heart disease. 7 Recently, the Framingham Heart Study demonstrated that lowdensity lipoprotein cholesterol (LDLC) levels of adult offspring were associated with maternal prepregnancy LDLC levels independently of anthropometric, lifestyle, and genetic factors. 8 Experimental models provide compelling evidence about the risk of fetal exposure to elevated maternal plasma cholesterol levels. In particular, low-density lipoprotein receptor (LDLR) knockout mice, which were exposed in utero to maternal hypercholesterolemia, developed early atherosclerosis and altered aortic gene expression. 9 The exposure to maternal hypercholesterolemia was also a risk factor for susceptibility to postnatal atherosclerosis in the offspring of apolipoprotein E-deficient mice. 10 Furthermore, treatment of hypercholesterolemic pregnant mice with statins lowered the level of cardiovascular risk factors in the offspring.
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Epigenetic mechanisms could be central mediators in the onset and development of metabolic diseases and subsequent cardiovascular disease.
12-15 Such mechanisms are defined as mitotic and meiotic changes in gene expression that do not involve DNA sequence changes. In particular, fetal adaption to maternal environment may involve epigenetic reprogramming, which could play a role in primary prevention of atherosclerosis. 12, 16, 17 Herein, we analyze epigenetic modifications of a set of genes related to cholesterol levels and atherogenesis in human fetal aortas and the association of such changes with maternal cholesterol levels and atherosclerotic lesion size.
Methods

Fetal Samples
Autopsy samples of fetal aortas (n = 78) were obtained from spontaneously aborted fetuses from January 1, 2011, through November 30, 2016. Fetuses routinely underwent autopsy at the Department of Human Pathology of Federico II University of Naples, Naples, Italy. Causes of spontaneous abortion and premature death included trauma, eclampsia, and major fetal genetic defects (often associated with cerebral malformations). Mean (SD) maternal age at spontaneous fetal death was 35 (5) years. and informed written consent was obtained from each mother.
Fetuses from mothers with types 1 and 2 diabetes and diseases affecting hematopoiesis or the immune system (including human immunodeficiency virus infection) were excluded from the study. We also excluded fetuses with cerebral ischemic processes.
Preparation of Aortic Sections
Samples were immediately processed after collection to prevent their degradation. Fetal aortas were exposed, the branching arteries were cut off, and loose adventitial tissue was removed in situ. Isolated aortas were then cut open, thoroughly washed with ice-cold, sterile phosphate-buffered saline solution (PBS) containing 2mM EDTA to remove adherent blood cells, and placed in ice-cold PBS containing 50mM butylated hydroxytoluene, 0.001% aprotinin, 50mM EDTA, and 0.008% chloramphenicol. Samples were immersed in optimum cutting temperature medium and flash frozen in liquid nitrogen. Portions of each tissue sample were sectioned with a cryotome, and the resulting 5-to 7-μm-thick sections were prepared for immunohistochemistry by fixation in buffered 10% formalin and paraffin embedding. To extract total DNA and RNA, other portions of each tissue sample were cut into pieces of approximately 10 to 100 mg and disrupted with a tissue homogenizer (Mikro Dismembrator S; B Braun Biotech International) using chromium steel beads.
Measurement of Lesion Size
Fatty streak lesion size in each fetal aorta was determined with oil red O staining and counterstaining with hematoxylin. In addition, tissue sections were also stained with alcian blue to determine the density of smooth muscle cells, as previously described in detail.
2 Briefly, we obtained microphotographs of
Key Points
Question Do maternal plasma cholesterol levels influence the epigenetic signature of genes that are relevant for cholesterol metabolism and atherogenesis in fetal aortas?
Findings In this autopsy study of 78 fetal human aorta samples from a single institution, maternal cholesterol level was inversely associated with the methylation of SREBP2 promoter.
Meaning
The influence of maternal cholesterol levels during pregnancy on early atherogenesis in fetal life could involve epigenetic mechanisms, and fetal epigenetic signatures could influence the risk of atherosclerosis in the adult offspring of mothers with hypercholesterolemia and their possible development of cardiovascular disease.
stained lesions, and digital pictures were morphometrically evaluated by computer-assisted image analysis. For some analyses, fetal aortic samples were dichotomized according to the lesion size, and we considered 120 × 10 3 μm 2 /section to be the cutoff.
DNA Extraction and Methylated DNA Immunoprecipitation
Extraction of DNA from fetal tissues and cultured cells and immunoprecipitation of methylated DNA was performed with the methylated DNA immunoprecipitation (MeDIP) kit (Diagenode) according to manufacturer's instructions. Homogenized tissues (from the 78 fetal aortas) were suspended in genomic digestion buffer with proteinase K and incubated at 50°C overnight. Genomic DNA was extracted with a combination of phenol, chloroform, and isoamyl alcohol, and 30 μg of purified DNA was sheared (10 cycles of 30 seconds with ultrasonography on and 30 seconds with ultrasonography off) in fragments ranging from 100 to 800 base pairs (bp) using a sonication system (Bioruptor UCD-200; Diagenode). Sheared DNA was analyzed by means of agarose gel electrophoresis. Four micrograms of each sheared DNA sample was stored as input. Another comparable amount underwent MeDIP using an anti-5′methylcytosine antibody; samples were rotated overnight at 4°C in the presence of MeDIP-blocked beads. After several washes, immunoprecipitated DNA was eluted and purified using the phenolchloroform-isoamyl alcohol combination. The amount of methylated DNA enrichment in MeDIP samples compared with input samples was verified by real-time polymerase chain reaction (qPCR) using a set of specific primers. Realtime PCR was performed with PCR master mix (SYBR Greeen; Biorad) and by applying the following conditions: an initial denaturation step at 95°C for 3 minutes; followed by 40 cycles consisting of 30 seconds at 95°C, 30 seconds at 60°C, and 30 seconds at 72°C; and a final step of 1 minute at 95°C. Melting curves were obtained by incubating the amplification products at 65°C and at increasing temperatures (increments of 0.5°C for 5 seconds). These conditions were used for all set primers except for the annealing temperature of superoxide dismutase 2 (SOD2) complementary DNA amplification, which was set at 62°C. Real-time PCR data were expressed as percentage of immunoprecipitated DNA per total input.
The regulatory regions and the CpG islands analyzed in this study were selected using the Integrated Regulation from ENCODE (Encyclopedia of DNA Elements) Tracks and the ENCODE DNA Methylation Tracks data sets, respectively, which are available on the University of California Santa Cruz Genome Browser (https://genome.ucsc.edu/index.html). Primer pairs for the methylation analysis of fetal DNA were designed by using Genome Browser and the 2009 genome assembly GRCh37/hg19 (https://genome.ucsc.edu/). The following regions were included: 
Immunohistochemistry
Immunohistochemistry was performed on 56 of 78 samples owing to the low quantity of some samples. Sections of each fetal aorta were deparaffinized in xylene and dehydrated in graded concentrations of ethanol. After blocking the endogenous peroxidase activity with 3% hydrogen peroxide for 15 minutes, the sections were heated in 10mM citrate buffer in a microwave pressure cooker for 20 minutes. Slides were allowed to cool to room temperature, and nonspecific sites were blocked with horse serum (Dako Corporation) for 30 minutes at room temperature. Sections were incubated for 60 minutes at room temperature with the following primary antibodies: anti-trimethyl-histone H3 Lys9 (H3K9me3) at a dilution of 1:500 (Millipore); anti-trimethyl-histone H3 Lys27 (H3K27me3) at a dilution of 1:200 (Millipore); and antitrimethyl-histone H3 Lys4 (H3K4me3) at a dilution of 1:100 (Millipore). The sections were then stained using an immunoperoxidase technique and avidin-biotin complex. Slides were rinsed with PBS, incubated for 15 minutes with biotinylated anti-rabbit IgG at a dilution of 1:500 (Dako Corporation), washed in PBS, and incubated for 30 minutes with avidinbiotin peroxidase (Dako Corporation). Bound antibodies were visualized by 20 minutes of incubation with 3,3-diaminobenzidine tetrahydrochloride. All sections were counterstained with Mayer hematoxylin solution. The labeling index was calculated as the percentage of positive cells among 100 cells observed under the microscope by analyzing 5 representative fields. To discriminate high methylation from low methylation status, the number of positive cells was evaluated in each microscopic field at original magnification ×20, and a cutoff value of 75% positive cells was chosen.
RNA Extraction and qPCR Assay
Total RNA was extracted from homogenized tissues and cultured cells using total RNA isolation reagent (TRIzol solution; Life Technologies) according to the manufacturer's instructions. RNA was quantified with a spectrophotometer (NanoDrop ND-1000; Thermo Scientific), and its integrity was assessed by denaturing agarose gel electrophoresis. RNA from tissues (500 ng) and from cells (1 μg) underwent reverse transcription (SuperScript III; Life Technologies). Real-time PCR was performed using a qPCR detection system (CFX96; BioRad Laboratories, Ltd) with iQ SYBR Green Supermix (BioRad Laboratories, Ltd). The specificity of each oligonucleotide pair was verified with the BLAST (Basic Local Alignment Search Tool) program, and the amplification products were analyzed by agarose gel electrophoresis. We have analyzed the expression levels of a gene set involved in the cholesterol pathway, particularly SOD2, LDLR, SREBP2, LXRα, and ABCA1. Quantitative results were normalized to GAPDH as a housekeeping gene. We used the primer sequences described in eTable 1 in the Supplement. Each sample was analyzed in triplicate, and threshold cycle values were determined for the target gene. Melting curve analysis was performed to verify a single product species. Relative changes in gene expression were analyzed using the comparative threshold cycle method and reported as relative expression compared with the value of control complementary DNA.
Cell Culture
Human aortic endothelial cells (HAECs) (Lonza) were cultured in endothelial growth medium 2 (Lonza) in a 37°C incubator with 5% carbon dioxide. Human aortic endothelial cells (2×10 4 cells/well) were seeded in 24-well culture plates coated with basement membrane matrix (Matrigel; Corning Life Sciences) for 96 hours in the presence or absence of 10/μg/mL of cholesterol (Sigma-Aldrich).
Statistical Analysis
Univariate correlation analysis was performed to identify the association of the methylation status of 7 fetal genomic loci with maternal levels of total cholesterol, LDLC, HDLC, triglycerides, and glucose, maternal BMI, and fetal lesion area. The same variables were used in multivariate regression analysis to evaluate the potential association of the methylation status of the 7 fetal genomic loci with the fetal lesion areas, taking into account the confounding effect of the maternal levels of total cholesterol, HDLC, triglycerides, and glucose and maternal BMI. The effect of maternal LDLC level was not assessed in multivariate analysis because it was calculated with the Friedewald formula and therefore equal to the value obtained from maternal total cholesterol level. Unless otherwise indicated, data are expressed as mean (SD). Data from immunohistochemical studies were evaluated by χ 2 test, and data from cell culture studies were evaluated by paired t test. All analyses were performed with 0.05 type I error using Stata software (version 11.2; StataCorp, LP). Twotailed P < .05 was considered statistically significant.
Results
Study Population
We ). Similar results were observed also for maternal LDLC level and fetal aortic lesion area (Pearson correlation coefficient, 0.733; P < .001). Moreover, only the methylation status of fetal SREBP2 among the other analyzed genes was correlated with fetal aortic lesion area (Pearson correlation coefficient, 0.293 [P = .01]) and maternal plasma cholesterol level (Pearson correlation coefficient, 0.488 [P < .001]). Results of the multivariable regression analysis indicated that the methylation density was not significantly associated with lesion area ( Table 2 ). The multivariate model explains a relevant fraction (61%) of the association between fetal aortic lesion area and maternal plasma cholesterol level independent of maternal HDLC, triglyceride, and glucose levels and maternal BMI. Figure 1 shows the positive association of adjusted maternal cholesterol level vs the fetal lesion area (regression coefficient, 3.098 [P < .001]) and fetal SREBP2 (regression coefficient, 0.380 [P = .002]). In each panel, cholesterol levels are adjusted for the mean value of the other factor; thus, both graphs show the association of each factor independent of the confounding effect of the other. . Overall, these data show, in univariate analysis, that SREBP2 is associated with maternal total cholesterol and LDLC levels. Collectively, these data suggest that maternal plasma total cholesterol and LDLC levels affect the size of fetal aortic atherosclerotic lesions and the methylation status of the fetal SREBP2 gene. In addition, none of the other 6 CpG-rich areas within the regulative elements of the analyzed genes were significantly associated with the fetal lesion area.
Immunohistochemical Studies
To verify whether other types of epigenetic modifications in fetal aortas were associated with maternal cholesterol levels or fetal aortic lesion size, we performed immunohistochemical studies using primary antibodies against different types of histone methylations (trimethylated Lys4, Lys9, and Lys27 of histone H3) and against DNA 5-methylcytosine. The analysis was performed only on 56 fetal aortas, due to the scarce quantities of several samples. We did not find any significant correlation between maternal cholesterol values and H3K4m3, H3K9m3, H3K27me3, or global CpG DNA methylation. Similarly, we did not find an association between global DNA methylation and fetal lesion area. On the contrary, higher positivity for H3K27me3 staining was significantly associated with a fetal lesion area of at least 120 × 10 3 μm 2 (χ 2 = 6.75; P = .009) ( Table 3) .
Gene Expression Study
We obtained RNA from only 21 fetal aortas owing to the scarcity of the other samples. Consistent with the direct correlation between maternal plasma cholesterol levels and methylation of the fetal SREBP2 gene, SREBP2 messenger RNA (mRNA) was inversely correlated both with maternal plasma cholesterol and LDLC levels (eTable 2 in the Supplement). In contrast, the expression of the other analyzed genes did not correlate with maternal plasma cholesterol levels or LDLC levels (eTable 2 in the Supplement). The correlation between SREBP2 methylation and expression was not statistically significant (Pearson correlation coefficient, −0.173; P = .39). Abbreviations: ABCA1, adenosine triphosphate-binding cassette transporter 1; LDLC, low-density lipoprotein cholesterol; LDLR, low-density lipoprotein receptor; LXRα, liver X receptor α; SOD2, superoxide dismutase 2; SREBP2, sterol regulatory element binding protein 2.
Primary Human Aortic Endothelial Cells
a Includes autopsy samples of 78 fetal aortas and maternal data.
b Measured as fold change compared with controls, calculated as the measured methylation levels of selected DNA regions by calculating the fold change of the enrichment of methylated sequences between the evaluated sample and a reference value following the 2 −ΔΔct formula.
21-24 Discussion
The primary findings of the present study include the following. First, maternal plasma total cholesterol and LDLC levels are positively associated with methylation of SREBP2 in fetal aortas. Second, maternal total cholesterol and LDLC levels are negatively associated with the expression of SREBP2 in fetal aortas. Third, epivariations of genes control cholesterol metabolism and atherogenesis in cholesterol-treated HAECs. Fourth, maternal total cholesterol and LDLC levels are associated with development of fetal aortic atherosclerotic lesions. After the previous observation that maternal hypercholesterolemia during pregnancy is associated with the development of early atherosclerotic lesions in human fetal aortas, 2,3,17,18 this study quantified the effect of maternal plasma total cholesterol and LDLC levels on fetal aortic lesion size. Moreover, since epigenetics is increasingly recognized as a central mechanism in fetal programming with potentially associated health consequences in adulthood, we sought to understand whether epigenetic modifications were taking place in In each plot, the cholesterol levels are adjusted for the mean value of the other factor; thus, both graphs show the association of each factor independent from the confounding effect of the other. The LDLC levels are adjusted for the mean value of the other factors; thus, the association of each factor is shown independent from the confounding effect of the other. Shaded area indicates 95% CI for the fit (solid line). To convert cholesterol levels to millimoles per liter, multiply by 0.0259. fetal aortas in the presence of increasing concentrations of maternal plasma cholesterol. In addition, we observed that, in fetal aortas, only the methylation of SREBP2 was associated with maternal total cholesterol and LDLC levels and the fetal aortic lesion area. However, regression analysis indicated that the methylation of SREBP2 is indeed independently associated with maternal cholesterolemia, but its correlation with fetal lesion area is not significant when taking into account maternal cholesterol level as a confounding variable. Regarding other epigenetic modifications, we observed an association between increased H3K27m3 and larger fetal lesion areas. Therefore, these data are consistent with the concept that maternal cholesterol levels elicit epigenetic modifications in the fetus and suggest that the development of the initial atherosclerotic lesion in fetal tissue could be associated with these epigenetic modifications. Moreover, increasing maternal cholesterol level is associated not only with increased methylation of SREBP2, but also decreased levels of its mRNA in fetal aortas. Hence, the observed epigenetic modifications in fetal aortas may be functionally relevant. In addition, the changes of methylation and the reduced expression of SREBP2 in cholesterol-treated HAECs support the finding that, in fetal aortas, extracellular cholesterol is able to influence the epigenetic and transcriptional regulation of SREBP2.
Limitations
Epigenetic modifications of certain genes that are involved in cholesterol homeostasis could be a relevant mechanism in the fetal atherogenic response to elevated maternal cholesterol level. Atherosclerosis is a pathologic degeneration of the artery wall that is difficult to reverse, and regenerative medicine is not yet a viable option to cure atherosclerotic disease [25] [26] [27] [28] ; thus, prevention is necessary to reduce the burden of cardiovascular disease. 5 Of note, in experimental models of maternal in utero programming of atherosclerosis, pharmacologic treatment of maternal hypercholesterolemia during pregnancy reduced atherogenesis and cardiovascular risk factors in the offspring. 10,29 MicroRNAs (miRNAs) are involved in atherosclerotic initiation and progression, including lipid metabolism. Given the fact that maternal health can also influence miRNA profiles of offspring via amniotic fluid, the role of miRNA-33a and -33b and miRNA-200c as circulating miRNA associated with hypercholesterolemia should also be investigated. 30, 31 We acknowledge that a genome-wide methylation analysis could have been the best strategy in identifying maternal cholesterol level and fetal atherogenesis. However, the analysis included only candidate genes and regulatory loci owing to scarce fetal tissue availability. This tissue scarcity also made it difficult for us to reliably separate the medial content from the endothelium and intimal portion to perform separate DNA and RNA analyses. Moreover, a chromatin immunoprecipitation sequencing experiment and transcriptome analysis could be performed to further understand the significance of SREBP2 dysregulation. We recognize the limitations related to study of premature aborted fetal issue, because certain intrinsic epigenetic abnormalities might exist that could be associated with developmental defects and thus complicate the findings of the study.
Conclusions
The landmark epidemiologic study in the Framingham Heart Study population recently confirmed the crucial role of maternal dyslipidemias in the pathogenesis of cardiovascular disease in the adult offspring. 8 Further pathogenic and network studies studies can expand our fetal hypothesis on atherogenesis to obese pregnant mothers and mothers with gestational diabetes as well as type 1 or type 2 diabetes. We speculate that other dysplipidemias involving triglycerides would not be causally involved in the pathogenesis of early atherogenesis in humans. Indeed, several animal models developed by investigators 5,9,12,16,29 and confirmed by other groups on the fetal hypothesis of atherogenesis 10,11 provided the background that maternal cholesterol (including LDLC and many oxidized lipids) may promote fetal atherogenesis. The present study supports the possibility that epigenetic mechanisms, including methylation of SREBP2, may be involved in early human atherogenesis. Future attempts to design more effective longterm programs of primary cardiovascular prevention in the offspring of mothers with hypercholesterolemia should invest more efforts to elucidate the potential epigenetic mechanisms underlying the association between early atherogenesis and maternal hypercholesterolemia during pregnancy. Lower positivity for H3K27me3 10 9
Higher positivity for H3K27me3 7 30
Abbreviation: H3K27me, anti-trimethyl-histone H3 Lys27.
a Includes autopsy samples of 56 fetal aortas. χ 2 = 6.75; P =.009 . 
